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A tuel cell system 1s disclosed, which includes an anode
recirculation loop including a fuel cell stack for generating,
power, a Tuel supply device for providing a fuel to the anode
recirculation loop, an air supply device for providing air to
a cathode of the fuel cell stack, a voltage monitoring device
for monitoring a voltage of the fuel cell stack, and an anode
protection controller. The anode protection controller
decreases a current drawn from the fuel cell stack by a
predetermined amount whenever the voltage of the tuel cell
stack drops below a predetermined voltage threshold and
decreases a fuel flowrate provided to the anode recirculation
loop based on the decreased current, so as to maintain a
steam to carbon ratio 1n the anode recirculation loop above
a predetermined steam to carbon ratio limit. A shutdown
method for the fuel cell system are also disclosed.
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FUEL CELL SYSTEM AND SHUTDOWN
METHOD THEREOFK

BACKGROUND OF THE INVENTION

This disclosure relates generally to the fuel cell field, and
more particularly to a fuel cell system with anode protection
and a shutdown method for the fuel cell system.

Fuel cells are electro-chemical devices which can convert
chemical energy from a fuel into electrical energy through
an electro-chemical reaction of the fuel, such as hydrogen,
with an oxidizer, such as oxygen contained in the atmo-
spheric air. Fuel cell systems are being widely developed as
an energy supply system because fuel cells are environmen-
tally superior and highly etlicient. To improve system efli-
ciency and fuel utilization and reduce external water usage,
the fuel cell system usually includes an anode recirculation
loop. As single fuel cell can only generate 1V voltage,
therefore, a plurality of fuel cells are usually stacked
together (usually referred to as a fuel cell stack) to get
desired voltage.

An anode of a typical solid oxide fuel cell (SOFC) 1s
commonly made of a nickel/yttria-stabilized zirconia (Nv/
YSZ) cermet. Nickel in the anode serves as a catalyst for fuel
ox1idation and current conductor. During normal operation of
the fuel cell system, SOFC stacks are typically operated at
above 700° C., and the nickel (N1) in the anode remains 1n
its reduced form due to the continuous supply of primarily
hydrogen fuel gas.

However, for example, when crossover or overboard
leakage occurs 1n the fuel cell stack, 11 the reducing gas 1s not
adequate 1n the anode, the Ni 1n the anode may undergo a
re-oxidation, where the N1 may react with the oxygen 1n the
air diffused from the cathode layer or introduced into the
anode chamber to form nickel oxide (N10O) at temperatures
above approximately 350° C. The formation of N1O 1n the
microstructure of the anode may result in volumetric expan-
sion of the anode layer, which exerts stress on the overall
SOFC structure. During rapid oxidation, the electrolyte 1s
unable to expand as fast as the forming nickel oxide,
resulting 1n the potential to crack the electrolyte. This waill
allow the fuel and oxidant gases to mix directly, which may
lead to catastrophic results 1f the fuel cell temperature is
above the auto-ignition temperature of the fuel.

In a laboratory setting, the SOFC stack may be protected
from re-oxidation using a supply of reducing gas, which 1s
typically a dilute mixture of hydrogen in nitrogen gas. This
can be used to purge the anode chamber during SOFC
shutdown or standby conditions to prevent re-oxidation of
the anode. A typical SOFC stack requires usually between
four to twelve hours cooling from its operating temperature
to a temperature below which there 1s no significant damage
to the anode material can occur. During this time, 1t waill
require a large amount of reducing gas and frequent bottle
changes to meet the reducing gas consumption demand.

Furthermore, during shutdown process with fuel cell stack
leakage, there 1s a tendency for carbon formation and
deposition on anode electrodes. The carbon could be formed
by hydrocarbon cracking, Boudouard reaction or carbon
monoxide (CO) reduction. The carbon could be removed by
introducing steam to the fuel cell system which leads to CO
and Hydrogen at certain conditions. The carbon will be
deposited if the carbon formation rate 1s faster than the
carbon removal rate. Internal carbon formation and deposi-
tion results in decreased etliciency of the anode, reduced
usetul device lifetime and forced shutdown of the system.
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Therefore, there 1s a need for an improved fuel cell system
to prevent the oxidation of nickel and carbon deposition in
the anode of the fuel cell stack during shutdown operation.
There 1s a further need for this system to be economical to
install and operate.

BRIEF DESCRIPTION OF THE INVENTION

In one embodiment, the present disclosure provides a fuel
cell system. The fuel cell system comprises an anode recir-
culation loop, a fuel supply device, an air supply device, a
voltage monitoring device and an anode protection control-
ler. The anode recirculation loop comprises a fuel cell stack
configured for generating power and having an anode and a
cathode. The fuel supply device 1s configured for providing
a fuel to the anode recirculation loop. The air supply device
1s configured for providing air to the cathode of the fuel cell
stack. The voltage monitoring device 1s configured for
monitoring a voltage of the fuel cell stack. The anode
protection controller decreases a current drawn from the fuel
cell stack by a predetermined amount whenever the voltage
of the fuel cell stack drops below a predetermined voltage
threshold and decreases a fuel tlowrate of the fuel provided
to the anode recirculation loop based on the decreased
current, so as to maintain a steam to carbon ratio in the anode
recirculation loop above a predetermined steam to carbon
ratio limut.

In another embodiment, the present disclosure provides a
shutdown method for a fuel cell system which comprises an
anode recirculation loop having a fuel cell stack for gener-
ating power. The shutdown method comprises: monitoring a
voltage of the fuel cell stack; whenever the voltage of the
tuel cell stack drops below a predetermined voltage thresh-
old, decreasing a current drawn from the fuel cell stack by
a predetermined amount; and decreasing a fuel flowrate of a
fuel provided to the anode recirculation loop based on the
decreased current so as to maintain a steam to carbon ratio
in the anode recirculation loop above a predetermined steam
to carbon ratio limut.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, aspects, and advantages of the
present disclosure will become better understood when the
following detailed description 1s read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 1s a schematic block diagram of an exemplary fuel
cell system with an anode recirculation loop;

FIG. 2 1s a schematic block diagram of a fuel cell system
with anode protection in accordance with an embodiment of
the present disclosure;

FIG. 3 1s a schematic diagram of a SCR model 1n
accordance with an embodiment of the present disclosure;

FIG. 4 1s a validation of equations 1n the SCR model of

FIG. 3;
FIG. 5 1s a flow chart of the former part of an exemplary

shutdown method for a fuel cell system 1n accordance with
an embodiment of the present disclosure;

FIG. 6 1s a tlow chart of the latter part of an exemplary
shutdown method for a fuel cell system 1n accordance with
an embodiment of the present disclosure; and

FIG. 7 1s an eflect view of the shutdown method for the
tuel cell system 1n accordance with an implementing case of
the present disclosure.

DETAILED DESCRIPTION

Embodiments of the present disclosure will be described
herein below with reference to the accompanying drawings.
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In the following description, well-known functions or con-
structions are not described 1n detail to avoid obscuring the
disclosure 1 unnecessary detail.

Unless defined otherwise, technical and scientific terms
used herein have the same meaning as 1s commonly under-
stood by one of ordinary skill in the art to which this
disclosure belongs. The terms “first”, “second”, “third” and
the like, as used herein do not denote any order, quantity, or
importance, but rather are used to distinguish one element
from another. Also, the terms “a” and “an” do not denote a
limitation of quantity, but rather denote the presence of at
least one of the referenced 1tems. The term “or” 1s meant to
be inclusive and mean either or all of the listed 1tems. The
use of “including,” “comprising” or “having” and variations
thereof herein are meant to encompass the items listed
thereafter and equivalents thereof as well as additional
items. In addition, the terms “connected” and “coupled” are
not restricted to physical or mechanical connections or
couplings, and can include electrical connections or cou-
plings, whether direct or indirect.

Fuel Cell System with Anode Recirculation Loop

FI1G. 1 illustrates a schematic block diagram of an exem-
plary fuel cell system 100. As shown 1n FIG. 1, the exem-
plary fuel cell system 100 includes an anode recirculation
loop 11. The anode recirculation loop 11 includes a tuel cell
stack 12 for generating power. The fuel cell stack 12 may
include a plurality of fuel cells which are stacked together.
The fuel cells may for example include, but are not limited
to solid oxide fuel cells (SOFCs). In fact, the tuel cells may
be any fuel cell using nickel-based material as anode mate-
rial.

The fuel cell stack 12 includes an anode 121, a cathode
122, and an electrolyte 123. The anode 121 of the fuel cell
stack 12 has an anode inlet 1211 and an anode outlet 1212.

The anode 121 may support electrochemical reactions that
generate electricity. A fuel may be oxidized 1n the anode 121
with oxygen 10ns recerved from the cathode 122 via diffu-
sion through the electrolyte 123. The reactions may create
heat, steam and electricity in the form of free electrons in the
anode 121, which may be used to supply power to an energy
consuming device 18. The oxygen 1ons may be created via
an oxygen reduction of a cathode oxidant using the electrons
returning from the energy consuming device 18 into the
cathode 122.

The energy consuming device 18 1s adapted to draw an
clectric current from, or apply an electrical load to, the fuel
cell stack 12. The energy consuming device 18 may include,
but should not be limited to, tools, lights or lighting assem-
blies, appliances (such as household or other appliances),
households or other dwellings, offices or other commercial
establishments, computers, signaling or communication
equipment, etc.

The cathode 122 may be coupled to a source of the
cathode oxidant, such as oxygen 1n the atmospheric air. The
cathode oxidant 1s defined as the oxidant that 1s supplied to
the cathode 122 employed by the fuel cell system 100 in
generating electrical power. The cathode 122 may be per-
meable to the oxygen 10ns received from the cathode oxi-
dant.

The electrolyte 123 may be 1n communication with the
anode 121 and the cathode 122. The electrolyte 123 may
pass the oxygen 1ons from the cathode 122 to the anode 121,
and may have little or no electrical conductivity, so as to
prevent passage of the free electrons from the cathode 122
to the anode 121.

With continued reference to FIG. 1, the fuel cell system
100 may include a fuel supply device 141 for providing a
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fuel to the anode recirculation loop 11, and an air supply
device 151 for providing air to the cathode 122 of the fuel
cell stack 12. The fuel may be for example a hydrocarbon
fuel such as natural gas, methane (CH,) and the like. The
tuel cell system 100 may further include a fuel flowmeter
142 for measuring a fuel flowrate Q,,, ot the tuel provided
to the anode recirculation loop 11 and a fuel flow regulator
143 for regulating the tuel flowrate Q,; provided to the
anode recirculation loop 11, as well as an air flowmeter 152
for measuring an air tlowrate QQ . of the air provided to the
cathode 122, and an air tlow regulator 153 for regulating the
air flowrate Q. provided to the cathode 122.

In order to reduce or remove undesirable components
such as sulphur in the fuel, which tends to deactivate
catalysts used 1n the back-end fuel reforming, the fuel cell
system 100 may further include a fuel purification device
144. However, the fuel purnfication device 144 may be
omitted for pure fuel, for example methane (CH,).

Therefore, the fuel provided to the anode recirculation
loop 11 may include the fuel provided by the fuel supply
device 141 or the fuel purified by the fuel purification device
144.

Optionally, the fuel cell system 100 may further include
a steam supply device 161 for supplying steam for fuel
reforming to the anode recirculation loop 11, a steam tlow-
meter 162 for measuring a steam tlowrate Q____ of the
stecam provided to the anode recirculation loop 11 and a
steam tlow regulator 163 for regulating the steam flowrate
Q...... provided to the anode recirculation loop 11.

In one embodiment, as shown in FIG. 1, the anode
recirculation loop 11 may further include a fuel reformer 13.
The fuel reformer 13 has a reformer mlet 131 and a reformer
outlet 132. The anode outlet 1212 of the tuel cell stack 12
may be coupled to the reformer mlet 131 of the fuel reformer
13, and the reformer outlet 132 of the fuel reformer 13 1s
returned to the anode inlet 1211 of the fuel cell stack 12 so
as to form the anode recirculation loop 11.

The tuel reformer 13 may receive the fuel (or combination
of the fuel and the steam 1n the case of supplying steam), and
a tail gas from the anode outlet 1212 of the fuel cell stack 12
and to generate a reformate at the reformer outlet 132. The
reformate includes hydrogen (H,) rich gas, and may also
include carbon monoxide (CQO), carbon dioxide (CQO,),
steam (H,O), and fuel slip, such as methane (CH,). At least
one portion (also called as a recirculated reformate) of the
reformate at the reformer outlet 132 may be returned to the
anode 1let 1211 and the remainder may be discharged as an
exhaust.

When the fuel cell system 100 1s 1n operation, the fuel, for
example methane (CH,) 1s supplied to the anode recircula-
tion loop 11, particularly the reformer inlet 131 of the fuel
reformer 13 1n this embodiment, and oxygen, for example
the oxygen contained in the air, 1s supplied to the cathode
122 of the fuel cell stack 12. In the fuel reformer 13, the fuel
may be reformed to generate hydrogen through chemical
reaction. For example, methane (CH,) 1s converted 1into
carbon monoxide (CO) and hydrogen (H,) by the following
tuel reforming reaction (1), and carbon monoxide and steam
(H,O) 1s converted into carbon dioxide (CO,) and hydrogen
by the following water gas shifting reaction (2).

CH,+H,0—CO+3H, (1)

CO+H,0—CO,+H, (2)

The recirculated reformate 1s returned to the anode inlet
1211 of the tuel cell stack 12. In the anode 121 of the fuel
cell stack 12, the recirculated reformate and the oxygen 10ns
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from the cathode 122 are mixed, and are converted into
steam through the following electro-chemical reaction (3) so
as to generate power and heat.

2H,+0,—2H,0 (3)

In another embodiment, the fuel cell stack 12 may have
internal reforming function without the separate {fuel
reformer 13. Under such the circumstance, the anode outlet
1212 of the fuel cell stack 12 may be directly returned to the
anode 1nlet 1211 so as to form the anode recirculation loop
11. Thus, 1n the anode 121 of the fuel cell stack 12, the tuel
reforming reaction (1) and the water gas shifting reaction (2)
above will also occur.

Fuel Cell System With Anode Protection

FIG. 2 illustrates a schematic block diagram of a fuel cell
system 200 with anode protection in accordance with an
embodiment of the present disclosure. As shown 1n FIG. 2,
in comparison to the fuel cell system 100 of FIG. 1, the fuel
cell system 200 1n accordance with an embodiment of the
present disclosure may further include a voltage monitoring,
device 21. The voltage monitoring device 21 may monitor a
voltage V.~ of the fuel cell stack 12 1n real time. During
shutdown of the fuel cell system 200, the voltage V .. of the
tuel cell stack 12 may decrease due to declining temperature
of the fuel cell stack 12, or deteriorated crossover or
overboard leakage 1n the fuel cell stack 12. At a predeter-
mined operating condition of the fuel cell system 200, the
voltage V ..~ of the fuel cell stack 12 may be an indicator for
health status of the anode 121 of the fuel cell stack 12. Once
the voltage V... of the fuel cell stack 12 1s below a prede-
termined voltage threshold V,,, which indicates the oxida-
tion of anode 121 of the fuel cell stack 12. The predeter-
mined voltage threshold V,, may correlate to the nickel-
nickel oxide equilibrium with an operating margin. For
example, the predetermined voltage threshold V_, may range
from 0.55V to 0.65V. Optionally, the predetermined voltage
threshold V_, may be 0.63V.

Thus, 1n order to prevent the anode 121 of the fuel cell
stack 12 from oxidation, the fuel cell system 200 of the
present disclosure may further include an anode protection
controller 22. The voltage monitoring device 21 may be
communicatively connected with the anode protection con-
troller 22 and send the monitored voltage V -~ of the fuel cell
stack 12 to the anode protection controller 22. The prede-
termined voltage threshold V,, may be saved in advance in
the anode protection controller 22. The anode protection
controller 22 may decrease a current I drawn from the fuel
cell stack 12 by a predetermined amount Al whenever the
voltage V.. of the fuel cell stack 12 drops below the
predetermined voltage threshold V ,, and decrease the fuel
Howrate Q,,; provided to the anode recirculation loop 11
based on the decreased current, so as to maintain a steam to
carbon ratio (SCR) 1n the anode recirculation loop 11 above
a predetermined steam to carbon ratio (SCR) limit SCR,, ..

The predetermined amount Al may be for example SA.
The SCR 1n the anode recirculation loop 11 may include the
SCR at the reformer inlet 131 or the SCR at the anode inlet
1211. The SCR may be defined as a ratio of steam content
contained 1n a gas mixture to the sum of carbon monoxide
(CO) content and methane (CH,) content contained 1n the
gas mixture. The predetermined SCR limit SCR,, . may be
saved 1n advance 1n the anode protection controller 22. The
predetermined SCR limit SCR,, ~ may be a desired or target
value, for example 2.55. Alternatively, the predetermined
SCR limit SCR,, .. may be a desired or target range, and
illustrative, non-exclusive examples of such the predeter-
mined SCR limit SCR,, .. may include between 2:1 and 3:1.

limir

10

15

20

25

30

35

40

45

50

55

60

65

6

The more details about the SCR 1n the anode recirculation
loop 11 may refer to Chinese Patent Application No.
201510962881.X, contents of which are incorporated
hereby by reference.

In the fuel cell system 200 of the present disclosure, by
monitoring the voltage V .~ of the fuel cell stack 12, once the
voltage V.. of the fuel cell stack 12 drops below the
predetermined voltage threshold V ., the voltage V- of the
tuel cell stack 12 may be increased by decreasing the current
I by the predetermined amount Al so as to maintain the
voltage V.. of the fuel cell stack 12 above the predeter-
mined voltage threshold V ,, and meanwhile, the fuel tlow-
rate Qg,.; may be correspondingly decreased based on the
decreased current so as to control the SCR 1n the anode
recirculation loop 11. Theretore, by the real time monitoring
of the voltage V... of the fuel cell stack 12 and the control-
ling of the anode protection controller 22, the fuel cell
system 200 of the present disclosure may eflectively protect
the anode 121 of the fuel cell stack 12 from oxidation and
prevent carbon deposition.

Without using any additional gas supply such as ammonia
based reducing gas or hydrogen cylinders to prevent re-
oxidation of the nickel in the anode 121, the fuel cell system
200 of the present disclosure may only use the existing fuel
supply device 141 which 1s used in normal operation of the
tuel cell stack 12. The fuel cell system 200 of the present
disclosure may be economical to install and operate.

With continued reference to FIG. 2, 1n the tuel cell system
200, the fuel flow regulator 143 may be communicatively
connected with the anode protection controller 22. The
anode protection controller 22 may control the fuel flow
regulator 143 to regulate the fuel tlowrate Q,.; provided to
the anode recirculation loop 11. The fuel cell system 200
may further include a current sensor 23 for measuring the
current I drawn from the fuel cell stack 12 and a power
conditioning device 24 for regulating the current I drawn
from the fuel cell stack 12. For example, the power condi-
tioning device 24 may include a DC-DC converter, a DC-AC
inverter, or the combination of the DC-DC converter and
DC-AC 1nverter. The current sensor 23 and the power
conditioning device 24 may be communicatively connected
with the anode protection controller 22. The current sensor
23 may send the measured current I drawn from the fuel cell
stack 12 to the anode protection controller 22. The anode
protection controller 22 may control the power conditioning
device 24 to regulate the current I drawn from the fuel cell
stack 12 1n response to the monitored voltage V ..~ of the fuel

cell stack 12.

After the current I drawn from the fuel cell stack 12 1is
decreased by the predetermined amount Al the voltage V -
of the fuel cell stack 12 may be increased accordingly. When
the voltage V.~ of the fuel cell stack 12 1s larger than or
equal to the predetermined voltage threshold V,, 11 at this
time, the current I 1s still larger than the predetermined
amount Al, the anode protection controller 22 may take no
action and only wait until the voltage V... of the fuel cell
stack 12 drops below the predetermined voltage threshold
V.. When the current I 1s less than or equal to the prede-
termined amount Al, the anode protection controller 22 may
control the power conditioning device 24 to set the current
I to be zero.

In the fuel cell system 200 with the steam supply device
161, the steam flow regulator 163 may be communicatively
connected with the anode protection controller 22. In one
embodiment, whenever the voltage V . of the fuel cell stack
12 drops below the predetermined voltage threshold V ,, the
steam flowrate Q. supplied to the anode recirculation
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loop 11 may be kept constant. In another embodiment, 11 the
steam supply device 161 may supply suflicient steam, the
anode protection controller 22 may further control the steam
flow regulator 163 to increase the steam flowrate Q_,
supplied to the anode recirculation loop 11 whenever the
voltage V.~ of the fuel cell stack 12 drops below the
predetermined voltage threshold V , . That 1s to say, the SCR
in the anode recirculation loop 11 may be maintained above
the predetermined SCR limit SCR,. by both decreasing the
tuel flowrate Q,,; and increasing the steam tlowrate Q,,,,,,..

The tuel cell system 200 may further include a tempera-
ture sensor 25. The temperature sensor 25 may be commu-
nicatively connected with the anode protection controller 22.
The temperature sensor 25 may measure a temperature T,
of the fuel cell stack 12, and a minimal temperature T, . and
a maximal temperature T 1n the anode recirculation loop
11 and send the measured temperatures T, ., T, . and T _
to the anode protection controller 22.

Returming to FIG. 2, the fuel cell system 200 may further
include an anode exhaust valve 26 and a pressure sensor 27.
The anode exhaust valve 26 and the pressure sensor 27 may
be communicatively connected with the anode protection
controller 22. The pressure sensor 22 may measure a pres-
sure P, 1n the anode 121 and a pressure P in the cathode
122, and send the measured pressures P ,, P to the anode
protection controller 22. The anode protection controller 22
may further control the anode exhaust valve 26 to maintain
a differential pressure between the anode 121 and the
cathode 122 1n a predetermined pressure range whenever the
voltage V.. of the fuel cell stack 12 drops below the
predetermined voltage threshold V,,. For example, the pre-
determined pressure range may be above 3 kpa.

Referring to FIG. 2, the anode protection controller 22
may include a steam to carbon ratio (SCR) model 220. The
anode protection controller 22 may determine a decreased
tuel flowrate demand from the SCR model 220 according to
the decreased current and control the fuel flow regulator 143
to decrease the fuel flowrate Qg in response to the
decreased fuel flowrate demand. The SCR model 220 may
be a look-up table, linear equation, nonlinear equations,
computer simulation toolkit or the like.

The SCR model 220 may define relationship which maps
the SCR 1n the anode recirculation loop 11 from the fuel
Howrate Q,,; provided to the anode recirculation loop 11,
the steam flowrate Q.. supplied to the anode recirculation
loop 11, the current I drawn from the fuel cell stack 12, and
the temperature T ., of the fuel cell stack 12. With refer-
ence to FIG. 3, in the SCR model 220, the steam flowrate
Q... supplied to the anode recirculation loop 11, the

current I drawn from the fuel cell stack 12, the temperature
T, . of the fuel cell stack 12 and the SCR in the anode

stac
recirculation loop 11 may be used as mput variables of the
SCR model 220, and the fuel flowrate Q,,, provided to the
anode recirculation loop 11 may be used as an output
variable of the SCR model 220. In this embodiment, the
SCR model 220 may receive the steam flowrate Q_,
measured from the steam flowmeter 162, the decreased
current measured from the current sensor 23, the tempera-
ture T, . of the fuel cell stack 12 measured from the
temperature sensor 25 and the predetermined SCR limit
SCR,, .. and output the decreased fuel flowrate demand.

SCR Model Prediction

Hereinafter, parameter relationship prediction 1n the SCR
model 220 will be given 1n detail taking methane (CH, ) as
an 1llustrative example of the fuel and 1n the condition that
the number of the fuel cell stack 12 1s four with combined

reterence to FIG. 4.
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In the first case, 1 the temperature of the fuel cell stack 12,
T .<500° C., the steam to carbon ratio (SCR) equation 1n
the SCR model 220 can be obtained as follows:

(4)

QH,0

SCR =1.2444 %
Qcn, + eps

Wherein 1n equation (4) above, SCR represents the steam
to carbon ratio in the anode recirculation loop 11, Q4 o
represents the steam flowrate supplied to the anode recircu-
lation loop 11 with unit of gram per minute (g/min), Q 4,
represents the methane tlowrate provided to the anode
recirculation loop 11 with unit of standard liter per minute
(slpm) and eps represents a very small value, for example
0.0001 for purpose of avoiding the denominator 1n equation
(4) 15 zero.

In the second case, 11 the temperature of the fuel cell stack
12, T_  .>500° C. and 1f the current drawn from the fuel cell

Stack

stack 12, I=0 and the steam flowrate supplied to the anode
recirculation loop 11, Qg >0, the steam to carbon ratio
(SCR) equation 1n the SCR model 220 can be obtained as

follows:

SCR=4.86+0.0413xQ,5~0.0993xQ 7,~0.00267x
T s =0-00018xQ 7, XQz7, 0+0.000432xQ 17, X

stack
Qe ()
In the third case, 1f the temperature of the fuel cell stack
12, T., .>500° C. and if the current drawn from the fuel cell

Stack

stack 12, I>0 and the steam flowrate supplied to the anode
recirculation loop 11, Qg >0, the steam to carbon ratio

(SCR) equation 1 the SCR model 220 can be obtained as
follows:

Q (6)
SCR = —6.47 + 147X UFyy, + 3.8 % —22
Qcu,
4 (7)
Z I X N;
=1
SF
UF,, =
7 Qcuy
22.4 % 60
F = 96485C/mol (8)

Wherein in equations (6)-(8) above, UF_  represents a
tuel utilization of the fuel cell system 200, I, represents the
current drawn from the i” fuel cell stack, N, represents the
number of the fuel cells in the i” fuel cell stack, and F
represents the Faraday constant.

In the fourth case, 1f the temperature of the fuel cell stack
12, T __ .>500° C. and 1f the current drawn from the fuel cell
stack 12, I>0 and the steam flowrate supplied to the anode
recirculation loop 11, Qg »,=0, the steam to carbon ratio
(SCR) equation 1n the SCR model 220 can be obtained as

follows:

SCR=-8.98+19.1xUF,,, (9)

Thus, as long as the steam tlowrate Q,, ,, supplied to the
anode recirculation loop 11, the decreased current drawn
from every fuel cell stack 12 and the temperature T _,_ , of
the fuel cell stack 12 are measured, and the SCR limait
SCR,, .. 1s predetermined, the decreased fuel tlowrate
demand may be easily determined according to the equa-

tions above.
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Referring to the two dot lines of FIG. 4, the eflectiveness
of the equations above can be demonstrated by comparative
tests against a high fidelity first-principle computer model.
In FIG. 4, one dot line represents the SCRs 1n the anode
recirculation loop 11 simulated from the high fidelity first-
principle computer model for cases 1-4, and the other dot
line represents the SCRs 1n the anode recirculation loop 11
predicted from equations (4)-(9) above for cases 1-4. It can
be seen from FIG. 4, the comparative result indicates that the
prediction from equations (4)-(9) above may agree well with
the stmulation from the high fidelity first-principle computer
model for cases 1-4.

Although the equations above are obtained using CH, as
the fuel through a lot of testing data, for other fuels, only a
part of parameters has to be modified 1n the equations above
and the overall framework of the SCR model 220 will still
hold. Theretore, it can be concluded that the SCR model 220
may at least include the following general parameter rela-
tionships.

When the temperature T, . of the fuel cell stack 12 1s
lower than a predetermined temperature, the SCR 1n the
anode recirculation loop 11 i the SCR model 220 1s 1n
association with the tuel tflowrate Q , provided to the anode
recirculation loop 11 and the steam flowrate Q_,__ supplied
to the anode recirculation loop 11.

When the temperature T, , of the fuel cell stack 12 1s
higher than the predetermined temperature, it the current I
drawn from the fuel cell stack 12 1s zero and the steam
flowrate Q_,__ supplied to the anode recirculation loop 11 1s
larger than zero, the SCR 1n the anode recirculation loop 11
in the SCR model 220 1s in association with the fuel flowrate
Qs..; provided to the anode recirculation loop 11, the steam
flowrate Q_.___ supplied to the anode recirculation loop 11
and the temperature T, of the fuel cell stack 12.

When the temperature T_, ., of the tuel cell stack 12 1s

higher than the predetermined temperature, 11 the current I
drawn from the fuel cell stack 12 1s larger than zero and the
steam ftlowrate Q. supplied to the anode recirculation
loop 11 1s larger than zero, the SCR 1n the anode recircu-
lation loop 11 1n the SCR model 220 1s 1n association with
the tuel tlowrate Qg,,, provided to the anode recirculation
loop 11, the steam flowrate Q__ _ supplied to the anode
recirculation loop 11 and the current I drawn from the fuel
cell stack 12.
When the temperature T, . of the fuel cell stack 12 1s
higher than the predetermined temperature, 1f the current I
drawn from the fuel cell stack 12 1s larger than zero and the
stecam tlowrate Q. supplied to the anode recirculation
loop 11 1s zero, the SCR 1n the anode recirculation loop 11
in the SCR model 220 is in association with the fuel flowrate
Qs.; provided to the anode recirculation loop 11 and the
current I drawn from the fuel cell stack 12.

Shutdown Method for Fuel Cell System

FIG. 5 illustrates a flow chart of the former part of a
shutdown method for the fuel cell system 200 1n accordance
with an embodiment of the present disclosure. As shown 1n
FIG. 5, 1n block B51, during operation of the fuel cell system
200, a voltage V.~ of the fuel cell stack 12 may be
monitored 1n real time, for example, by using a voltage
monitoring device 21. The voltage V .~ of the fuel cell stack
12 may indicate health status of the anode 121 of the fuel cell
stack 12.

Whenever the voltage V ..~ of the fuel cell stack 12 drops
below a predetermined voltage threshold V,,, which means
that the anode 121 of the fuel cell stack 12 will occur
oxidation, the process may go to block B52. The predeter-
mined voltage threshold V,, may be the mickel-nickel oxide
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equilibrium point with an operating margin. For example,
the predetermined voltage threshold V_, may range from
0.55V to 0.65V.

Whenever the voltage V .~ of the fuel cell stack 12 drops
below the predetermined voltage threshold V ,, an air tlow-
rate QQ_. of air provided to the cathode 122 of the fuel cell
stack 12 may be kept constant.

In block B52, a current I drawn {from the fuel cell stack 12
may be decreased by a predetermined amount Al, for
example 5A, and then the process may go to block B53.

In block B33, a fuel flowrate Q,, of a tuel provided to the
anode recirculation loop 11 may be decreased correspond-
ingly based on the decreased current so as to maintain a
steam to carbon ratio (SCR) 1n the anode recirculation loop
11 above a predetermined steam to carbon ratio (SCR) limit
SCR,, .. The predetermined SCR limit SCR, . may be
between 2:1 and 3:1. For example, the predetermined SCR
limit SCR,, .. may be 2.55.

As an example, 1n block B54, a steam to carbon ratio
(SCR) model 220 may be pre-established in advance. The
SCR model 220 may define relationship which maps the
SCR 1n the anode recirculation loop 11 from the fuel
flowrate Q,,; provided to the anode recirculation loop 11,
the steam tlowrate Q_,,_ supplied to the anode recirculation
loop 11, the current I drawn from the fuel cell stack 12, and
a temperature T_, . of the fuel cell stack 12. In block B53,
a decreased fuel flowrate demand may be firstly determined
from the SCR model 220 i block B54 according to the
decreased current, and then the fuel flowrate Q,,, may be
regulated correspondingly according to the decreased fuel
flowrate demand.

Whenever the voltage V .~ of the fuel cell stack 12 drops
below the predetermined voltage threshold V. the steam
flowrate Q_,.__ supplied to the anode recirculation loop 11
may be kept constant. In an optional embodiment with
sullicient steam supply, the steam flowrate Q. supplied to
the anode recirculation loop 11 may be also increased. Under
this circumstance, block B53 may maintain the SCR 1n the
anode recirculation loop 11 above the predetermined SCR
limit SCR,,,,, by both decreasing the fuel flowrate Q,; and
increasing the steam flowrate Q_,__ .

In addition, whenever the voltage V. . of the fuel cell
stack 12 drops below the predetermined voltage threshold
V., a diflerential pressure between the anode 121 and the
cathode 122 may be maintained 1n a predetermined pressure
range, for example above 3 kpa.

After the current I drawn from the fuel cell stack 12 1s
decreased by the predetermined amount Al the voltage V -
of the fuel cell stack 12 may be increased correspondingly,
and the process may then continue to block B35 to determine
whether the voltage V.. of the fuel cell stack 12 1s still
below the predetermined voltage threshold V. 1T the deter-
mined result 1s yes, the process may return to block B52.
That 1s to say, when the voltage V ..~ of the fuel cell stack 12
1s still below the predetermined voltage threshold V, , block
BS2 and block B53 may be repeated until the voltage V.-
of the fuel cell stack 12 1s larger than or equal to the
predetermined voltage threshold V, . If the determined result
in block B5S5 1s no, the process may go to block B56.

Block B56 may determine whether the current I drawn
from the fuel cell stack 12 1s less than or equal to the
predetermined amount 1. When the current I 1s still larger
than the predetermined amount Al, the process may return to
block B55 and continue to wait until the voltage V - of the
tuel cell stack 12 drops below the predetermined voltage
threshold V,,. When the current I 1s less than or equal to the
predetermined amount Al, the process may go to block B57.
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In block B57, the current I drawn from the fuel cell stack
12 may be directly set to be zero.

FIG. 6 illustrates a flow chart of the latter part of the
shutdown method for the fuel cell system 200 1n accordance
with an embodiment of the present disclosure. Hereinafter,
the subsequent shutdown operation of the fuel cell system
200 after the current I 1s decreased to be zero will be
described 1n detail with reference to FIG. 6.

In block B61 ot FIG. 6, the tuel flowrate Q, ., provided to
the anode recirculation loop 11 may be set to be five percent
(5%) of the steam flowrate Q____ provided to the anode
recirculation loop 11, and the process may then go to block
B62.

Block B62 may determine whether a mimimal temperature
T . measured in the anode recirculation loop 11 1s lower
than 150° C. If the determined result 1s yes, the process may
g0 to block B63. If the determined result 1s no, the process
may return to block B62 and continue to wait until the
mimmal temperature T . 1n the anode recirculation loop 11
1s lower than 150° C.

In block B63, the tuel flowrate Qg and the steam

flowrate Q.. which are provided to the anode recircula-
tion loop 11 may be cut ofl, and the process may then go to
block Bé64.

In block B64, the anode recirculation loop 11 may be
purged using safety gas, for example nitrogen (N,), and the
process may then go to block B65.

Block B65 may determine whether the maximal tempera-
ture T . measured in the anode recirculation loop 11 1s
lower than 50° C. If the determined result 1s no, the process
may return to block B63 and continue to wait until the
maximal temperature T, . measured in the anode recircula-
tion loop 11 1s lower than 50° C. When the maximal
temperature T, . measured 1n the anode recirculation loop
11 1s lower than 50° C., the process may go to block B66.

In block B66, the air flowrate Q_,, provided to the cathode
122 of the fuel cell stack 12 may be cut off, and the fuel cell
system 200 1s 1n an offline state.

FI1G. 7 1llustrates an effect view of the shutdown method
in accordance with an implementing case of the present
disclosure. In FIG. 7, the X axis 1s the time unit and the Y
ax1s has different units for different curves @-@ Curve @
represents the steam flowrate supplied to the anode recircu-
lation loop with unit of slpm (standard liter per minute). In
this implementing case, the steam flowrate 1s limited due to
pipe clog 1 the steam line, which means that the steam
flowrate could be not increased during the shutdown pro-
cess. Curve @ represents the natural gas (NG) tlowrate
provided to the anode recirculation loop with unit of slpm,
and 1n FIG. 7, “NG flow/2”, which means half of the NG
flowrate, 1s used to show the NG flowrate curve for display
purpose. Curve @ represents the current drawn from the
tuel cell stack with unmit of Ampere. Curve @ represents the
temperature of the fuel cell stack with unit of Celcius, and
in FIG. 7, “Stack T/10”, which means V10 of the temperature
reading of the fuel cell stack, 1s used to show the temperature
curve of the fuel cell stack for display purpose. Curve @
represents the voltage of the fuel cell stack with unit of Volt,
and 1n FIG. 7, “Cell V*100”, which means 100 times of the
voltage of the fuel cell stack, 1s used to show the voltage
curve of the fuel cell stack for display purpose.

As shown i FIG. 7, from time t, to time t,, the steam
flowrate keeps constant due to steam generation system fault
in the fuel cell system. Under this circumstance, the current
drawn from the fuel cell stack is stepping down once the
voltage of the fuel cell stack goes below the predetermined

voltage threshold, for example 0.65V 1n this implementing,
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case. With decrease of the current, the voltage of the fuel cell
stack 1s increased. In order to prevent carbon deposition 1n
the anode of the fuel cell stack, the NG flowrate decreases
following by the decreased current accordingly so as to
maintain the SCR 1n the anode recirculation loop greater
than the predetermined SCR limait, for example 2.5 1n this
implementing case. As the current and the NG flowrate
drops, the temperature of the fuel cell stack drops gradually.
When the time comes to t,, the NG flowrate holds at the
predefined mimmal NG flowrate to maintain reducing envi-
ronment 1n the anode chamber. At time t,, when the current
drawn from the fuel cell stack 1s less than or equal to the
predetermined amount, for example SA 1n this implementing
case, the current 1s directly set to be zero.

The shutdown method of the present disclosure may
monitor the voltage V ... of the fuel cell stack 12 1n real time,
and whenever the voltage V .~ of the fuel cell stack 12 drops
below the predetermined voltage threshold V ,,, decrease the
current I drawn from the fuel cell stack 12 by the predeter-
mined amount Al so as to maintain the voltage V.~ of the
tuel cell stack 12 above the predetermined voltage threshold
V. and decrease the fuel tlowrate Qg,, correspondingly
based on the decreased current so as to control the SCR 1n
the anode recirculation loop 11. The shutdown method of the
present disclosure may eflectively protect the anode 121 of
the fuel cell stack 12 from oxidation and prevent carbon
deposition during the shutdown, and enable the fuel cell
system 200 to have low operating cost without any addi-
tional reducing gas supply.

While steps of the shutdown method for the fuel cell
system 200 1n accordance with embodiments of the present
disclosure are illustrated as functional blocks, the order of
the blocks and the separation of the steps among the various
blocks shown in FIGS. § and 6 are not intended to be
limiting. For example, the blocks may be performed in a
different order and a step associated with one block may be
combined with one or more other blocks or may be sub-
divided 1nto a number of blocks.

While the disclosure has been illustrated and described 1n
typical embodiments, it 1s not intended to be limited to the
details shown, since various modifications and substitutions
can be made without departing 1n any way from the spirit of
the present disclosure. As such, further modifications and
equivalents of the disclosure herein disclosed may occur to
persons skilled in the art using no more than routine experi-
mentation, and all such modifications and equivalents are
believed to be within the spirit and scope of the disclosure
as defined by the following claims.

What 1s claimed 1s:

1. A tuel cell system comprising:

an anode recirculation loop, wherein the anode recircu-

lation loop comprises a fuel cell stack configured for
generating power and having an anode and a cathode;

a fuel supply device for providing a fuel to the anode

recirculation loop; an air supply device for providing
air to the cathode of the fuel cell stack; a voltage
monitoring device for monitoring a voltage of the fuel
cell stack; and

an anode protection controller, wherein the anode protec-

tion controller decreases a current drawn from the fuel
cell stack by a predetermined amount whenever the
voltage of the fuel cell stack drops below a predeter-
mined voltage threshold and decreases a fuel flowrate
of the fuel provided to the anode recirculation loop
based on the decreased current, so as to maintain a
steam to carbon ratio 1n the anode recirculation loop
above a predetermined steam to carbon ratio limut.




US 10,622,646 B2

13

2. The fuel cell system of claim 1, whereimn when the
voltage of the fuel cell stack 1s larger than or equal to the
predetermined voltage threshold and the current 1s still
larger than the predetermined amount, the anode protection
controller waits until the voltage of the fuel cell stack drops
below the predetermined voltage threshold and the current 1s
less than or equal to the predetermined amount to set the
current to be zero.

3. The fuel cell system of claim 1, further comprising:

a steam supply device for supplying steam for fuel
reforming to the anode recirculation loop.

4. The fuel cell system of claim 3, wherein the anode
protection controller further increases a steam tlowrate of
the steam supplied to the anode recirculation loop whenever
the voltage of the fuel cell stack drops below the predeter-
mined voltage threshold.

5. The fuel cell system of claim 3, wheremn the anode
protection controller comprises:

a steam to carbon ratio model, wherein the anode protec-
tion controller determines a decreased fuel tlowrate
demand from the steam to carbon ratio model accord-
ing to the decreased current.

6. The fuel cell system of claim 5, wherein the steam to
carbon ratio model defines relationship which maps the
steam to carbon ratio in the anode recirculation loop from
the fuel flowrate provided to the anode recirculation loop,
the steam flowrate supplied to the anode recirculation loop,
the current drawn from the tuel cell stack, and a temperature
of the fuel cell stack.

7. The fuel cell system of claim 6, wherein when the
temperature of the fuel cell stack 1s higher than a predeter-
mined temperature, if the current drawn from the fuel cell
stack 1s larger than zero and the steam flowrate supplied to
the anode recirculation loop 1s zero, the steam to carbon ratio
in the anode recirculation loop 1n the steam to carbon ratio
model 1s 1n association with the tuel tlowrate provided to the
anode recirculation loop and the current drawn from the fuel
cell stack.

8. The fuel cell system of claim 6, wherein when the
temperature of the fuel cell stack 1s higher than a predeter-
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mined temperature, 1f the current drawn from the fuel cell
stack 1s larger than zero and the steam flowrate supplied to
the anode recirculation loop 1s larger than zero, the steam to
carbon ratio in the anode recirculation loop in the steam to
carbon ratio model 1s 1n association with the fuel flowrate
provided to the anode recirculation loop, the steam flowrate
supplied to the anode recirculation loop and the current
drawn from the fuel cell stack.

9. The fuel cell system of claim 6, wherein when the
temperature of the fuel cell stack 1s higher than a predeter-
mined temperature, if the current drawn from the fuel cell
stack 1s zero and the steam flowrate supplied to the anode
recirculation loop 1s larger than zero, the steam to carbon
ratio in the anode recirculation loop 1n the steam to carbon
ratio model 1s 1 association with the fuel flowrate provided
to the anode recirculation loop, the steam tlowrate supplied
to the anode recirculation loop and the temperature of the
fuel cell stack.

10. The fuel cell system of claim 6, wherein when the
temperature of the fuel cell stack 1s lower than a predeter-
mined temperature, the steam to carbon ratio in the anode
recirculation loop 1n the steam to carbon ratio model 1s 1n
association with the fuel flowrate provided to the anode
recirculation loop and the steam flowrate supplied to the
anode recirculation loop.

11. The fuel cell system of claim 1, wherein the anode
protection controller further maintains a differential pressure
between the anode and the cathode in a predetermined
pressure range whenever the voltage of the fuel cell stack
drops below the predetermined voltage threshold.

12. The fuel cell system of claim 1, wherein the anode of
the fuel cell stack has an anode 1nlet and an anode outlet, and

the anode recirculation loop further comprises:

a Tuel reformer for receiving the fuel and a tail gas from
the anode outlet of the fuel cell stack and generating a
reformate, wherein at least one portion of the reformate
1s returned to the anode mlet of the tuel cell stack.
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